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Abstract 
The risk of fatigue damage concerns structural components, structural knots and even whole structures subjected to random loading. This 
can initiate the accumulation of fatigue damage in critical points of the structure, growth and spreading of fatigue cracks and, eventually, 
fatigue fracture. Final failure of structural components may have fatal consequences. Calculation results regarding the accumulation of 
fatigue damage in supporting structures are commonly highly useful when investigating the causes of an operating failure or in further 
efforts to adjust principal parameters due to device adjustment (for instance in order to increase lifting capacity of cranes) or when 
estimating residual life of a device after some failure or an overhaul. This paper offers a few examples of how the process of fatigue life 
prediction can practically be applied. Fatigue life is determined by means of ESA (Experimental Stress Analysis) and CAE (Computer 
Aided Experiment). Nowadays, for the purposes of fatigue life evaluation CAE systems enable the combination and the interaction of 
various methods altogether: ESA, FEM (Finite Element Method) and MSS (Mechanisms System Simulation). 
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Nomenclature 
R survival probability (%) 
N number of cycles (-) 
t time (s) 
Greek symbols
Δσ stress range (MPa) 
ΔσM,KD stress range for a given stress category (MPa) 
σa stress amplitude (MPa) 
σm mean stress (MPa) 
σC fatigue limit (MPa) 
ϕt factor for the influence of material thickness (-)
ϕr stress ratio (-) 
γMF partial factor for fatigue strength reliability (-) 
γFf partial factor for fatigue load reliability (-) 
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1. Introduction 
The most crucial factor when considering the capacity of supporting steel structures after long-term operation is the 
prediction of their residual life. This issue concerns structures under varying loads which could possibly cause the 
accumulation of fatigue damage in critical regions, growth or spreading of cracks and may lead to fatigue fracture. Hot spot 
stresses such as local stresses play an important role in this process since with them the change in the shape of a structural 
detail is assumed even without welds and defects having any influence on it. Hot spot stress depends upon the size of 
structural components or weld joints and upon the way these are being stressed. Hot spot stress implies increased stress due 
to some changes in bearing capacity of the cross-section of the structural component without any impact of local stress 
concentration factors which are caused by the shape of a weld joint or defects. The estimation of live necessarily requires 
the assessment of hot spot stress in the critical region of structural component or joint in which the occurrence of a crack is 
most probable. For its determination ESA methods are the most frequent experimental methods with strain gauge 
measurement being the most common technique. Measurements can be done either directly in the critical region or 
indirectly, i.e. with a certain distance from the critical region provided that the shape or the size (small curvature radius) do 
not allow direct measuring, or if the critical region or the weld joint in that critical region can be reached very hardly. In 
special cases, hot spot stresses can also be determined through numerical calculations (FEM) or analytically – using nominal 
stresses and relevant stress concentration coefficients. 
Necessary inputs for fatigue analysis and fatigue life prediction are data on geometry, load and material characteristics of 
a given structural component or those related to the whole structure. Strength and fatigue properties (Wöhler or Manson-
Coffin curve) of the material are normally ascertained from relevant database or through experiments. Information on load 
can be gained analytically, through estimation, or by means of ESA methods (mostly through strain gauge measurements), 
or by means of MSS. 
2. Techniques in life prediction of structural components  
Recent calculation systems, which supplement experimental data processing programmes, and analytical models which 
are able to supply additional information include various fatigue damage accumulation methods and allow mutual input 
combinations and comparisons of gained results. In this way it is possible to optimize the selection of an appropriate 
calculation method what increases reliability as regards the assessment of fatigue life in a given structural system.  
Following the character of input data processing (mainly those on load and fatigue properties), the process of residual life 
determination can be divided as shown in Fig. 1 (a). 
(a)                   (b) 
Fig. 1. (a) Model of life prediction for a structural component, b) Fatigue-related examination of a structural component. 
Fig. 2 (b) depicts another possible way in which a structural component or a whole structure can be examined with 
respect to limited life. Obviously, the procedure can be done according to the nominal stress or according to the stress state 
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at the notch root. Further attention is paid to whether we deal with a narrowband or broad-band process (histogram, power 
spectral density).  
The final damage of a material is the result of a complex process which involves a number of stages until fracture. There 
are various factors that affect the process. Depending upon the number of loading cycles, possible factors here are the 
prestress, time sequence of the cycles of various magnitudes and intervals, then the frequency and the speed of deformation 
changes, temperature, inner structure of the material, the shape of structural component etc. Our attention can hence be paid 
to the most crucial factors which have the most relevant influence on the process [1]. There have been a number of 
hypotheses as regards fatigue damage accumulation with respect to fatigue life prediction. The aim is to find such 
relationship which would fit for fatigue life during loading with higher number of cycles on the basis of results relevant for 
single-cycle tests. Nonlinear damage accumulations were compared with the results of two-cycle tests. Loading with higher 
number of cycles would lead us to complex mathematic relations that would surely not be suitable for technical practice. For 
this reason, linear damage accumulation hypotheses suit the best when estimating life of structural components. Generally, 
in order to process the results gained through strain gauge measurement we can apply the following methods: 
• those that are based on nominal stress (Palmgren-Miner hypothesis, Corten-Dolan hypothesis), 
• methods of equivalent stress amplitude, 
• methods based on local stress at the notch (Landgraf’s hypothesis, Rajcher’s hypothesis). 
In life calculations or in calculations of fatigue damage accumulation in supporting structures and their individual 
components it is necessary to know relevant life curves or at least their basic parameters. These curves represent relations in 
a complex fatigue process during mechanical cyclic loading. The most frequently applied curve is the S-N curve, known as 
Wöhler curve, which arises from fatigue tests with constant stress amplitude. The curve stands for the relation of harmonic 
stress amplitude (sometimes called maximum stress) under controlled force to the number of cycles to fracture. 
It would not be efficient, and it is often even impossible, if we tried to specify new Wöhler curves for every single 
material or structural knot. From practical reasons in experimental assessment it is more useful to employ ready Wöhler 
curves with, if possible, the same or at least similar and often present standard configurations: material – shape. For large 
supporting steel structures in which bolt, rivet and mainly weld joints are present standard Wöhler curves or curves listed in 
the European standards Eurocod can be applied. Fig. 2 depicts an example of a standard Wöhler curve with the lines of 
survival probability, where the relative stress amplitude relates to the number of cycles. 
Relevant Wöhler curves may in given regulations for calculation represent particular load spectra which can be the 
subject of standardisation too [2]. 
Fig. 2. Standard Wöhler curve with lines for life probability. 
3. Examples of techniques in fatigue life prediction  
A common reason for the calculations of fatigue damage accumulation is the attempt to examine the causes of an 
operating failure, then the adjustment of the main parameter of a device such as bearing capacity and, eventually, the 
prediction of residual life which immensely affects further exploitation of a given device or structure. 
Generally, the so called critical components, structural knots and critical regions in and for which the level of fatigue 
damage accumulation is to be expressed are necessarily subjected to life analysis. These structural components are likely to 
have a huge effect on the life of the whole structure. This statement is specifically valid for those structural elements which 
if failed would determine the failure of the structure as a whole. In such members it is absolutely necessary to eliminate 
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fatigue failure that would affect safety or would have fatal consequences. The above-stated decisions are to be made already 
in the early stage of measurements. Regions and members under analysis are to be chosen with respect to analytical or 
numerical analysis (FEM) too. As an alternative, the measurement is done in those regions or at least near those regions in 
which operating failures were identified or in notched regions. In some cases, if necessary, preliminary strain gauge 
measurement can be done too. 
Time relation of a real random loading and so the strain-stress response of the structure is specified through strain gauge 
measurements performed on the surface of given areas by means of electrical resistance strain gauges. Collection, storage, 
classification, processing and evaluation of the obtained data can be done using interactive software INMES. Using its plug-
in module, the software transforms the process behaviour in time into the characteristic function – stress spectrum which 
stands for the quantity of related amplitudes or stress ranges. This scheme is done by means of Rainflow method which is 
one of the classification methods based on the quantity of characteristic parameters. If Catman programme for measuring, 
collection and storage of the data is applied, Microsoft Excel is then used in order to process the data. 
Wöhler curves (normally for materials belonging to classes 37 and 52) are not designed but rather adopted in relation to 
the examined members and their mutual joints (bolts, rivets and welds). In our examples prevail weld joints and hence for 
the establishment (allocation) of relevant Wöhler curves we used standard Wöhler curves. In the evaluation of random 
stress, in case of given curves, we consider their characteristic features: fatigue limit, number of cycles at the fatigue limit 
and the slope. 
If the change of material characteristics is to be observed after a long-term operation or if material degradation is 
expected, we apply destructive or non-destructive material analysis. As for the destructive technique, a sample of the 
material is taken from the critical area and, subsequently, is subjected to relevant testing. 
In life analysis, static stress values are, if needed, incorporated into calculations as residual stresses. These are 
determined by ESA methods – strain gauge method of drilling – either by means of RS 200 system or SINT-MTS 3000 
system. The process shall constantly follow prescriptions that are included in the standard ASTM E837-01 [3]. Some cases 
of random stress processing might occur when the static stress values regarding the way of processing are not relevant for 
the strength and stability assessment of bearing members. Their influence on the life of a given supporting structure is then 
classified as irrelevant. 
In order to eventually determine residual life we use fatigue damage accumulation theories by Palmgren-Miner, Corten-
Dolan and Haibach. 
3.1. Examination of a casting ladle supporting structure due to possible load increase 
Supporting structures of casting ladles are massive structures that enable us to manipulate with liquid molten metal 
throughout particular stages of the casting process. They normally exhibit high bearing capacity (circa 250 000 kilograms) 
and are used predominantly in heavy metallurgy. Considering loading the supporting frames are exposed to, the occurrence 
of an operating failure caused by fatigue damage is very likely. 
Table 1 includes the result values referring to the fatigue damage accumulation in chosen members of the casting ladle 
supporting structure as being loaded by the weight of the ladle (28⋅104 kg) with molten metal in it. The results were gathered 
by means of ESA and CAE methods. In calculations of the fatigue damage accumulation a single operating cycle was taken 
into consideration while taking advantage of Palmgren-Miner (P-M), Corten-Dolan (C-D) and Haibach (Ha) theories. Stated 
are only the most adverse results gained through the application of the three theories regarding fatigue damage 
accumulation. Considering the above-stated analysis we can make the statement concluding that the supporting members of 
the casting ladle supporting structure under load generated by the ladle of molten metal with the weight 28⋅104 kg are 
sufficient in the sense of meeting conditions regarding fatigue damage accumulation and in that sense conditions regarding 
residual life while taking into consideration dynamic impacts. To sum up, residual life reserve is in this case sufficient. 
                   Table 1. Results of the fatigue damage accumulation analysis of the revolving supporting structure of the casting ladle 
Supporting 
member 
Applied theory Accumulation  
(the level) of 
fatigue damage 
Accumulation 
(the level) of 
fatigue damage 
Total time in 
operation 
(operating cycles) 
Residual life 
(operating cycles) 
Transversal beam P-M, C-D, Ha 1.1⋅10-6 909 091 82 729 826 362 
Arm Ha 0.6⋅10-6 1 650 165 82 729 1 567 436 
Supporting turret P-M, C-D, Ha 1.9⋅10-6 526 315 82 729 443 586 
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3.2. Causes of fatigue limit occurrence in revolving supporting structure of the casting ladle 
After circa 7⋅109 kg of molten steel being cast, an operation failure of the supporting structure was stated when a crack 
occurred on one of the arms situated in the lower part (around the area of later application of strain gauges). Considering the 
above-mentioned facts, it was decided to perform a complex analysis including strength and stability examination and 
analysis of fatigue damage accumulation including residual life determination. 
Considering data in Table 2, it is obvious that the arms’ life exhibits a high survival probability (97.5 %), i.e. 32 000 
cycles in operation or, in other words, 5.8⋅109 kg of molten steel having been cast, whereas a crack was detected on one of 
the arms after 7⋅109 kg of molten steel had been cast. After all, the crack was caused by an incorrect functioning of the 
hydraulic system [2], [4]. 
 Table 2. Results of the analysis concerning fatigue damage accumulation on the revolving supporting structure of the casting ladle for cases I 
and II. 
Case Fatigue damage 
accumulation 
Corten-Dolan/Haibach 
Total life with survival 
probability 97.5 % 
Operating cycles / cast 
steel (kg) 
Total number of operating 
cycles until the analysis 
Operating cycles / cast 
steel (kg) 
Residual life after the 
analysis 
Operating cycles / cast 
steel (kg) 
I 6.21⋅10-5/5.45⋅10-5 3.2⋅104/5.8⋅109 4.3⋅104/7.78⋅109 life expired 
II 7.5⋅10-6/6.4⋅10-6 2.7⋅105/48⋅109 4.3⋅104/7.78⋅109 2.2⋅105/40.2⋅109
3.3. Residual live prediction of a compressor plant 
Pipelines and compressor plants are parts of technological devices for gas transportation and its final distribution. These 
systems are normally subjected to loading by pipeline pressure pulsation, vibrations and other non-stationary phenomena. 
Time-variable loading occurs even under other circumstances such as shutdown or putting the system into operation, 
pressure change due to operation conditions etc. When affecting the system too long, these factors may considerably co-
affect life expiration and the state of fatigue limit. Similarly as in the previous cases, the results were gained and processed 
by means of ESA and CAE methods. On the basis of the measured strain values we were able to determine distributions of 
integral inner forces of relevant magnitudes in the assumed critical sections. Reduced stresses were determined from the 
gained stress values and represented stress range σǻ . The procedure followed standard calculation regulation in line with 
the standard STN 73 1401 which was in force at the time of performing the analysis. As regards pipeline weld joints, we 
followed the annex K to the above-mentioned standard, where the assumed detail number was ýD = 302 and detail category 
KD = 125 in relation to the parameter of the S-N curve m = 3. In line with the annex, the weld joint was determined as butt 
weld joint at both sides made by ignition powder welding. Stress ranges for the stated detail category were as follows: 
,MPa232
,
=Δ KDMσ ,MPa92=Δ=Δ τσ .MPa51=Δ=Δ LL τσ
In accordance with the above-mentioned standard for loading of a structural detail with constant stress range, for fatigue 
assessment were applicable following values: =Δ Ffγσ 48 MPa and for == Mfrt γϕϕϕ 0.83 =Δ ϕσ D 76.6 MPa.
Hereby, the inequality ϕσγσ DFf Δ<Δ  was proved true what implies that, following the standard prescription, the 
fatigue limit should not occur in the pipelines under consideration. Within residual life assessment dedicated to the 
compressor plant and on the basis of analysis with relatively limited scope of measurements we were free to conclude that 
after additional pipeline adjustment, i.e. after vibration isolating components have been applied, there was no need for any 
further fatigue revision since stress ranges did not exhibit relevant range values as prescribed by the standard in force [1], 
[5]. 
4. Conclusion 
For the purposes of random loading assessment, where for instance stress distribution applied, were used methods and 
technical programmes ESA and CAE. In the majority of cases were applied techniques of random loading processing, where 
random loading is understood as a discrete random variable, and standard ways of random loading processing as prescribed 
by standard regulation for such calculations. As regards fatigue damage accumulation, in most cases was proved that 
structural components or even whole structures met the criteria for further use without any additional intervention even after 
long-term operation. In some cases such capability was not proved what resulted in putting the structures out of operation 
without further repairing attempts or even reconstruction. Some other structures were proposed to be repaired or adjusted for 
their temporal or emergency operation. Such interventions are highly specific and characteristic for the high level of original 
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approach. In other cases, in line with standard calculation procedures, no further fatigue evaluation of the structures was 
needed due to low stress range values. After meeting specific criteria, such structures were considered structures with 
“unlimited” fatigue life, i.e. structures in which the state of fatigue limit was not assumed. 
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